The mechanics of the extraocular muscles and orbital tissue ('oculomotor plant') can be approximated by a small number of viscoelastic (Voigt) 
INTRODUCTION
Command signals from ocular motoneurons (OMNs) move the eye by producing forces in the extraocular muscles (EOMs) which then act on the globe and its surrounding orbital tissues. The relation of OMN firing rates to eye movement is therefore determined by the combined dynamics of EOMs and orbital tissues, a combination referred to as the 'oculomotor plant'. It has long been known that plant dynamics can be approximated by a series of viscoelastic (Voigt) elements (Robinson 1964) where a Voigt element has stiffness k, viscosity c, and time constant (TC) of c/k. Most models of the human or primate plant have two Voigt elements, one with a TC of 10-60 ms and the other of 250 -370 ms (Goldstein and Reinecke 1994; Goldstein and Robinson 1984; Optican and Miles 1985; Robinson 1964; Stahl and Simpson 1995) .
However, a recent analysis of data on the globe's return from horizontal displacement in lightly anaesthetised monkeys has suggested that these models are incomplete (Sklavos et al. 2005 ).
The use of light anaesthesia allowed eye-position traces to last on average 1-2 s without interruption from saccades, and their analysis indicated that the viscoelasticity of the plant could not be approximated by two Voigt elements. Although individual traces could be reasonably well fitted with two TCs, the values of these TCs varied by up to 6 fold as trace duration increased. Robust fitting required a plant of four Voigt elements, with TCs ranging from 0.01 s up to ~10 s.
Adding long TC elements to the plant model substantially changes its behaviour. A Voigt element with a TC of 10 s takes 23 s after release to return to within about 10% of resting position, whereas an element with a 0.5 s TC, the longest previously used in a model of the human plant (Robinson 1965) , takes only 1.15 s. Moreover, only certain types of eye movements are likely to involve elements with TCs as long as 1 and 10 s, since these elements will be not be substantially stretched by the brief (≤~0.1 s) forces typical of saccades, but only by the longer duration forces typical of 'slow' eye movements such as 0.1 Hz sinusoidal smooth pursuit and gaze-stabilisation reflexes. As pointed out by Stahl and Simpson (1995) , the addition of long TC elements to plant models might therefore help to overcome a long-standing problem in the interpretation of OMN firing, which is that one or two-element plant models require different parameters to explain both fast and slow eye movements (Fuchs et al. 1988; Sklavos et al. 2005; Sylvestre and Cullen 1999) .
Given the potential significance of the new plant model, it is important to obtain further experimental evidence to test and refine it. Although there have been previous reports suggesting the presence of long TC elements in the plant (Collins 1971; Pfann 1993; Robinson et al. 1969) , these have been brief or anecdotal, and have concerned the behaviour of the globe with the medial and lateral rectus muscles detached. The present study exploited the properties of deep barbiturate anaesthesia to investigate long TC behaviour in the intact oculomotor plant, as follows.
(i) Deep anaesthesia permits both prolonged displacements of the globe, and prolonged return traces uninterrupted by saccades. As mentioned above, the average duration of traces under light ketamine anaesthesia was 1-2 s before interruption by eye movements (Sklavos et al. 2005) .
Deep anaesthesia allows direct testing of an important predication of the new model, which is that the eye should take up to ~20 s to return to resting position if the long TC elements are stretched. To ensure such stretching, the globe was subjected to prolonged displacement (30 s). As a control condition, return trajectories were also measured after brief (0.2 s) displacement. Since prolonged displacement stretches long TC elements much more than a brief displacement, comparison of the two release curves should provide unequivocal evidence for the existence of such elements.
(ii) A 30 s displacement gives elements with TCs up to 10 s time to reach equilibrium. In equilibrium, the degree of stretch depends only on an element's compliance (that is, 1/stiffness), so that estimating each element's length at the moment of release is equivalent to estimating its relative compliance (further details in METHODS). Prolonged displacements therefore allow more accurate estimates of the relative compliances of long TC elements than the previous study, where only brief (1-2 s) displacements were possible resulting in an underestimate of the contribution of long TC elements (Sklavos et al. 2005) .
(iii) The new compliance estimates can be incorporated in a more accurate plant model, which can be then be applied to both the present data on brief displacements, and to previously obtained data on hysteresis in OMN firing rates (Goldstein and Robinson 1986) . According to the model, sustained eccentric fixation stretches the long TC elements, which affects the neural commands required to keep the eye stable after its subsequent return to resting position. The dependence of OMN commands on previous fixation ('hysteresis') has been shown to be qualitatively consistent with the 4 element model (Sklavos et al. 2005) . The new compliance estimates allow quantitative modelling of hysteresis, an important advance since such modelling addresses the issue 5 of whether the long TC behaviour is primarily a property of orbital tissue rather than extraocular muscle. Only in the former case is it likely that a model derived from the anesthetised preparation would account quantitatively for behaviour in the alert animal A brief account of the results has previously been presented as an abstract (Sklavos et al. 2003 ).
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METHODS
Surgical Preparation
Two cynomolgus monkeys (M1 and M2, aged between 2 and 3 yrs, weights 2.4 and 3.4 kg) were premedicated with 15 mg/kg ketamine and 0.01 mg/kg glycopyrrolate administered intramuscularly and then anaesthetised with pentobarbital sodium at 25 mg/kg i.v. into the saphenous vein. Additional doses of pentobarbital sodium were provided intravenously during the experiment to maintain deep anaesthesia as assessed by the absence of the blink reflex and withdrawal to digit pinch. After topical anaesthesia of the larynx with 4% lidocaine, the animals were intubated with a 3.5 to 5.0 mm endotracheal tube. End-tidal C0 2 , respiratory rate and heart rate were continuously monitored and maintained within a normal range. Body temperature was kept at 37°C with a heating pad. Lactated Ringer solution was administered via an intravenous drip (10 mg kg -1 h -1
).
The animal was placed in a Kopf stereotaxic frame, and a midline incision made in the skin overlying the scalp. An anterior right parietal craniotomy was performed for placement of a stimulating electrode in the abducens nerve, located at coordinates A 1.5 L 2.0 and a depth that varied between animals (Contreras et al. 1981) . Upon completion of the experimental protocol, which included a number of procedures in addition to those described here , the animals were killed with an overdose of pentobarbital administered intravenously. All procedures and protocols for animal care and use were approved by Animal Care and Use Committee of Virginia Commonwealth University.
Displacement, Stimulation and Recording Procedures
Prolonged displacements of the right eye were produced by a suture in the cornea, pulled either laterally (5 displacements) or medially (5 displacements) by ~10-15 deg, and held in place for at least 30 s. The suture was either cut for animal M1 (Childress and Jones 1967; Collins 1971) , or released manually (M2). Brief displacements (n = 24) were produced electrically by stimulation of the abducens nerve with a stainless steel bipolar electrode (0.2 mm tip diameter, separated by 1.5 mm).
Individual pulses lasted for 0.2 ms pulse and ranged in intensity from 400-800 µA. They were delivered as constant frequency trains lasting for 200 ms, with frequencies ranging from 50-250 Hz.
The pulse trains were produced by a programmable pulse generator (AMPI Master-8) and were 7 delivered at ~5 sec intervals. Movements of the right eye were recorded with an eye search coil (3D eye movement monitor model EM7, Remmel Labs) glued to the eyeball, at a sampling rate of 10 KHz.
The coil was calibrated by simultaneously recording a set of stimulation evoked movements with the coil and with a digital camcorder (Canon Elura2) at 30 frames/s. A small wooden rod (1-1.5 cm in length and weighing ~6 mg) was also glued to the eyeball and served as a marker to track the movement with the video camera. Twitch responses of the lateral rectus muscle were recorded as described in .
Different techniques for brief versus prolonged displacements were applied because (i) a method for precise brief mechanical stimulation was not available, and (ii) very prolonged electrical stimulation was thought likely to affect the state of the muscle. The actual use of electrical stimulation for the 'brief' condition was conservative with respect to the hypothesis under test: the artefact produced by the time course of muscle activation in response to brief electrical stimulation would act to prolong the effects of that stimulation.
Data Analysis and Parameter Estimation
The calibration procedure was as described previously . The 10 KHz coil output was subsampled at 1 KHz by averaging over successive blocks of 10 data points.
The relaxation curves obtained after prolonged displacements (n = 10 per animal) contained mixed frequency noise, probably as a result of the external mounting of the eye-recording coil and attached wiring, This noise produces severely biased estimates of TCs with the methods described in Sklavos et al. (2005) , but has little effect on the estimates of relative compliance for fixed TCs. The curves were therefore fitted using the model shown in 
where F is the force applied to globe and k i is the stiffness of the element (1/k i = its compliance).
Since F is unknown, only the relative compliances a i can be calculated. These can be obtained from the A i corresponding to equilibrium displacement using the formula:
The a i s were estimated for each trace as follows. Eye positions (x 1 , ..., x m ) from a single trace at times (t 1 , ..., t m ) were represented by a combination of 4 Voigt elements with time constants T j (= 0.01, 0.1, 1,10 s) and initial lengths A j . 
The estimate of A which minimises the sum of squared errors ε 2 is then given by
(where E # is the pseudo-inverse of E) as in multiple linear regression (Press et al. 1992) . The 4 estimated values of A j were converted to relative compliances a i by dividing each by their sum ΣA j (equation 3).
Goodness of fit was measured as proportion of variance explained (PVE) for by the fitting trace.
Modelling
The linearised visco-elastic behaviour of an element can be represented by its transfer function in the Laplace domain
where s is the Laplace transform variable, X(s) is length change from rest and F(s) is applied force.
For systems adequately represented by a small number of Voigt elements in series, the transfer function is:
Hs csk
The transfer function can thus be calculated up to a constant factor from the time constants T i and relative compliances a i . Its behaviour in response to either a 30 s or 0.2 s displacement can be calculated using the function lsim in MATLAB's™ Control System Toolbox.
However, the 0.2 s displacement was produced by electrical stimulation of the nerve to the lateral rectus muscle, instead of mechanically. Such stimulation introduces dynamical properties of its own, most simply represented by the twitch response of isometric muscle force to a single pulse. The shape of this response can be approximated by a function of the form
where H twitch (s) is the transfer function for the twitch response and T a and T b its time constants (Zahalak 1992) . For the present model we found that T a = T b = 0.01 s gave a twitch response similar to that observed experimentally in M1 and M2 (data not shown). The 0.2 s stimulation pulse was passed first through this function then the plant model.
In order to simulate hysteresis in OMN firing rates, the model must be used to calculate the control signal required to produce a particular eye movement, that is in inverse rather than forward mode. The transfer function in equation (7) was therefore inverted (further details in Sklavos (2005)).
Its input was a set of simulated saccades following the sequence described in Goldstein and deg. There were 3 s of steady fixation between saccades. For technical reasons (the inverted plant has more zeros than poles, and so is disallowed by the MATLAB™ Control System Toolbox) the desired inputs were converted to velocities. The saccadic velocity profile was represented by a
Gaussian function chosen to produce a saccadic duration of about 30 ms. The output of the model was compared with the firing rates for n= 39 OMNs measured 2.5-2.8 sec after return to the primary position, and shown in Table 1 of Goldstein and Robinson (1986) .
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RESULTS
The results are presented in three sections, reflecting the aims of the study: (i) effects of displacement duration on subsequent release trajectory; (ii) estimates of the compliance of long-TC elements; (iii) application of resultant model to release data and data on hysteresis in OMN firing rates.
Displacement Duration Affects Globe's Return
A representative return trajectory after prolonged displacement is shown in Fig 2, panel A.
The globe had been rotated laterally for ~14 deg , held for because the amplitude of the displacement (~14 deg) is similar to that displayed in panel A. In the case of brief stimulation, however, the initial very rapid movement took the globe to within about 2 deg of baseline, and the subsequent return to resting position was completed within about 1-2 s, which is at least 10 times faster than after prolonged displacement. The difference between the two conditions can be seen particularly clearly when they are plotted on the same time scale (Fig 2C) . This graph shows the mean and standard deviation of the combined normalised traces for the two animals at 100 ms intervals, for the first 3 s after release. The two traces diverge about 50 ms after release The standard deviations for the post-stimulation traces are less than those for the traces after prolonged displacement, probably reflecting the greater standardisation of the displacing stimulus in the former case. The difference between the two mean traces is large compared with their standard deviations, and in fact there is no overlap between the two sets of traces for the period 0.1 -3 s after release (data for a given time point, Mann-Whitney non-parametric U-test, n 1 = 20, n 2 =48, U = 0, P < 0.002, (Siegel 1956)) This difference is in the expected direction if the oculomotor plant contains long TC elements (see INTRODUCTION and METHODS) . The data can be used to provide quantitative estimates of the compliance of these elements.
Estimates of Compliance of Long TC Elements
The release traces after prolonged displacement showed some low-frequency interference 
Applications of Model
Release Data
The behaviour of the 4-element model (Fig 1) with the values for relative compliance taken , the fit to the stimulation data for t < ~0/.15 s is markedly improved (Fig 4B) and for t> 0.15 s is little altered (not shown). Overall goodness-of-fit (PVE) increased from 79% to 97%.
Hysteresis in OMN Firing Rates
Single unit recording has shown that after prolonged (2-3 s) eccentric fixation followed by a saccade to the primary position, OMN firing rates change over a long period of time before they reach a stable value. The direction of the change depends on the direction of the preceding fixation: if it was in the on-direction of the OMN, the rate gradually increases to stability, whereas if the fixation were in the off-direction, the rate gradually decreases. This phenomenon, termed hysteresis, is consistent with the presence of long TC elements in the plant (Fig 5) . Prolonged eccentric fixation stretches these Figure 5 about here elements (illustrated for the model in Fig 5A) . Rapid displacement of the whole plant back to the primary position mainly affects the short TC elements, leaving the long TC elements still stretched.
The long TC elements then slowly relax, which requires a slowly varying control signal to keep overall plant position steady (Fig 5B, C) . It has been shown previously that the 4 TC model is qualitatively consistent with the pattern of OMN firing shown in Fig between saccades, and the firing rates of OMNs (n=39) were compared 2.5-2.8 sec after return to the primary position (Table 1 of Goldstein(1986) ). Hysteresis was measured as the difference in firing rate at the primary position after saccades from different starting positions (left versus right). For each OMN this difference could be translated into equivalent degrees, since data were available that related steady state firing to eye-position measured in degrees: thus, a given firing rate could be translated into an equivalent steady-state eye position (Goldstein and Robinson 1986 , Table 1 ). The same sequence of eye movements was used to generate the control signals required by the model (see METHODS). Hysteresis was measured in the same way for the control signals as for OMN firing rates, and the two measures compared.
Results of the comparison are shown in Fig 5D. The performance of the model is close to the mean performance for the n=39 OMNs. The agreement might be considered surprising, given that the compliance estimates came from data collected in deeply anaesthetised animals, whereas the firing rate data were collected in alert animals. However, the firing rates were measured >2.5 s after the saccade, so would be influenced only by the need to cancel creep in the long TC elements. It is possible that these elements primarily reflect the viscoelastic contribution of orbital tissue rather than eye muscle (DISCUSSION), in which case their quantitative behaviour will be little affected by anaesthetic.
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DISCUSSION
A recent analysis of the time course of the globe's return to rest, after horizontal displacements in rhesus monkeys lightly anaesthetised with ketamine, indicated the presence of long TC (1, 10s) elements in the oculomotor plant (Sklavos et al. 2005) . This was an unexpected finding, for although there had been previous reports suggestive of such elements (Collins 1971; Pfann 1993; Robinson et al. 1969) , they were brief and unsystematic, and described the behaviour of the globe when the horizontal recti muscles were detached. And as indicated in the Introduction, no viscoelastic model of the intact primate or human oculomotor plant included a Voigt element with a TC longer than 0.5 s (Fuchs et al. 1988; Goldstein and Reinecke 1994; Goldstein and Robinson 1984; Optican and Miles 1985; Robinson 1964 Robinson , 1965 Stahl and Simpson 1995) . There is a model of the rabbit plant that includes a Voigt element with a TC of 3.4 s, but the authors considered this to be homologous to the longer (0.25 s) TC typical of monkey two-element models, invoking more sluggish dynamics rather than a larger number of elements to explain the difference between the rabbit and monkey data (Stahl and Simpson 1995) .
The present study therefore sought to extend the results of Sklavos et al. (2005) by (i) demonstrating directly the presence of long TC elements, (ii) estimating their relative compliance, and (iii) incorporating the compliance estimates into a plant model and applying it. Each of these aims is discussed below. A final section considers the implications of the present findings for future interpretation and modelling of data on oculomotor control.
Demonstration of Long TC Behaviour
The displacements of the globe that were analysed by Sklavos et al. (2005) were produced manually, with no systematic variation of duration. Here, in contrast, two very different durations of displacement were used. The expectation was that long TC elements in the plant would be substantially stretched by the prolonged (30 s) but not brief (0.2 s) displacements, so that the subsequent release trajectories would be characteristically different. The expected differences were indeed observed (Fig 2) , and are consistent with a substantial contribution of long TC elements. To our knowledge, this is the first explicit demonstration of such long TC behaviour in the intact oculomotor plant of primates.
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The deep level of anaesthesia needed for the prolonged displacements eliminated active muscle tone. Since the stiffness of the passive lateral rectus muscle in this study around the primary position was very low (data not shown), the behaviour illustrated in Fig 2 primarily reflects the properties of the non-muscular orbital tissues (Sklavos et al. 2005 ). This conclusion is supported by the observations referred to above that suggested the presence of long TC elements when the horizontal recti are detached.
Estimation of Long TC Contribution
Prolonged displacements of the globe are required to stretch the long TC elements fully, and so allow their contribution to plant dynamics to be estimated. The release traces analysed by Sklavos et al. (2005) were not produced by such prolonged displacements, and moreover the average duration of the traces was only about 2 sec before interruption. They were not therefore suitable for deriving an accurate estimate for the summed relative compliance of the two longest TC elements.
In the present study the use of deep anaesthesia allowed both the required prolonged displacement, and long-duration release traces. However, the external mounting of the eye-recording coil and attached wiring resulted in noisy traces that made precise characterisation of release TCs difficult, since direct estimation of TC's from relaxation data is highly sensitive to very small amounts of measurement noise. Fortunately, as argued in Sklavos et al. (2005) , discrete TC values in themselves may be of limited usefulness because biological materials typically comprise elements with a continuous range of time constants (Hall 1968) . In contrast the compliance associated with a broad TC interval is both robustly estimable and meaningful in the continuous case. This is most simply achieved by the method we have described, employing discrete TC's located at decade intervals (0.01, 0.1, 1 and 10 s) to estimate the total compliance of elements in that TC range.
Using this approximation with the present data gave an estimate for the relative compliance of the long TC elements of 32% (compared with a value of 19% obtained from fitting TCs of 0.01, 0.1 1 and 10 s to the previous data in Sklavos et al. (2005) ). It is possible that this estimate errs on the low side: there is evidence to suggest that the globe with horizontal recti detached may have components with TCs longer than 10 s (e.g. Pfann 1993) , and use of the estimate to predict hysteresis gives a value that is slightly too low (next section). More accurate estimates of plant characteristics in deeply anaesthetised animals could be obtained with implanted eye coils to avoid measurement noise, and with a more precise mechanical means of rotating and releasing the eyeball for both brief and prolonged displacements.
Application of Plant Model
The plant model based on estimates of compliances derived from the prolongeddisplacement data provided a reasonable fit to the release curves obtained after 0.2 s electrical stimulation. Perhaps more surprisingly, it also gave a fairly good quantitative estimate of hysteresis in OMN firing rates, as measured in alert rhesus monkeys by Goldstein and Robinson (1986) . EOM viscosity and elasticity might be expected to be very different in alert animals than in the deeply anaesthetised animals that provided the data for the model. However, explicit modelling indicates that the long TC behaviour of the plant as a whole is little affected by plausible variations in muscle elasticity and viscosity (Sklavos et al. 2005) . The success of the model with regard to hysteresis may therefore depend upon that phenomenon primarily arising from the properties of orbital tissue rather than extraocular muscle.
In more general terms, the fact that the same model could fit the trajectories produced by either a 30 sec or a 0.2 sec displacement, and also account for hysteresis, is a good argument for the linearity of the system in the range of conditions investigated.
Interpretation and Modelling of Experimental Data
It is important to know when the presence of long TC elements needs to be taken into account for interpreting or modelling experimental data. The proportion of the overall model response that is contributed by long TC elements, as estimated from the data in the present study, is shown as a function of frequency in Fig 6A. Given the limitations of the present estimates as discussed in the Figure 6 about here previous section, this figure can only be an approximate guide. However, it suggests that long TC elements contribute more than 5% of the total response at frequencies less than 1 Hz, and so might be taken into account when interpreting eye-movement dynamics in that frequency range. The eyemovements in question could include smooth pursuit, the slow phases of the vestibulo-ocular and optokinetic reflexes, and (as already discussed) prolonged eccentric fixation -the 2-3 s fixation periods used in the measurement of hysteresis (Goldstein and Robinson 1986) correspond to fundamental frequencies of 0.17-0.25 Hz. In contrast, the contribution of the long-TC elements to saccadic eye movements (without prior eccentric fixation) is likely to be small: a 100 ms pulse has a fundamental frequency of 5 Hz, a frequency at which the long TC elements make up about 2% of the overall response. The implication that long-TC elements are relevant to the dynamics of slow but not fast eye movements is consistent with the findings that, for one or two-element models relating the firing rates of ocular motoneurons (OMNs) to eye movements, different parameters have to be found for movements of different frequency (Fuchs et al. 1988; Sklavos et al. 2005; Stahl and Simpson 1995; Sylvestre and Cullen 1999) .
However, although the long-TC elements contribute little to the dynamics of high frequency eye-movements, they do cause the apparent stiffness of the system to decrease at low frequencies.
This is because the long TC elements are not stretched at high frequencies, and so become effectively rigid. An estimate of the effect is shown in Fig 6B , and compared with data on the eyeposition sensitivity K of OMNs (corresponding to 1/model gain) from Fuchs, Scudder and Kaneko (1988) . These data are from alert monkeys where muscle stiffness must be taken into account: The final point concerns how such control signals might be generated by neural mechanisms. If the plant were effectively a single Voigt element, then the necessary control signal could be generated from a desired eye-velocity command by integration (Skavenski and Robinson 1973) . The addition of a second Voigt element requires a new exponential 'slide' term in the control 19 signal, as shown by Goldstein and Robinson (1984) and Optican and Miles (1985) . The long TC elements described here require further, long duration, slide terms (which correspond to the additional zeros in the plant, Fig 5) . It seems likely that the cerebellar flocculus calibrates both integration and slide terms (Optican et al. 1986; Zee et al. 1981) , so the question arises of whether it is realistic to expect the cerebellum to cope with the complexity of a 4-element plant that has TCs ranging from 0.01 to 10 s. Recent theoretical models suggest that a plausible learning mechanism, based on decorrelating retinal slip from neural commands, could in fact generate the required commands (Dean et al. 2002 (Dean et al. , 2004 Porrill et al. 2004 ).
Conclusions
In the 40 years since Robinson first described the basic viscoelastic nature of the oculomotor plant, the longest time constant used in a formal model seems to have been 0.5 s. Our recent study suggesting that the oculomotor plant in fact exhibits dynamic behaviour up to at least a 10 s timescale (Sklavos et al. 2005 ) thus represented a major departure from the existing consensus.
However, that study deduced the existence of long TC elements from traces that were on average 1-2 s long, rather than directly demonstrating their properties. Here we provide such a direct demonstration, by showing that that the intact oculomotor plant in primate can take 20-30 s to return to baseline after release. We also show this long duration of return depends on prior treatment: it is seen after prolonged (30 s) but not brief (0.2 s) displacements, a very clear and statistically significant effect.
Previous Voigt element models with two or three TCs between 0.01 and 0.5 s cannot account for the above findings. At least four elements are required, with TCs of the order of 0.01, 0.1, 1 and 10 s. An accurate estimate of the relative compliances of the long-TC elements can be made from the release trajectories that follow prolonged displacement, possible in the present study using deep anaesthesia, but not possible with the light anaesthesia used previously (Sklavos et al. 2005) .
The resultant quantitative model fits not only both sets of new data obtained here, but also results from other laboratories concerning the firing rates of ocular motoneurons, measured in two unrelated experimental situations (Fuchs et al. 1988; Goldstein and Robinson 1986) . This model, and its future refinements, may therefore be useful in helping to interpret the dynamic behavior of neurons in the oculomotor system. by the maximum displacement for that trace. The normalised data were averaged across animals because the difference between the mean traces for the two animals was small compared to the differences between the traces of an individual animal.
Figure 3
A: Example of fitting a release trajectory after prolonged displacement with the 4-element model (Fig   1) with time constants 0.01, 0.1, 1 and 10 sec. The trajectory (labelled 'data') is that shown in Fig 2A. The least squares fit was obtained with coefficients for the time constant terms of 11, 2.7, 1.8 and 1.7 deg. These correspond to normalised coefficients of 0.63, 0.16, 0.11 and 0.10.
B:
Means and standard deviations of the normalised coefficients (n = 10) for each animal.
C:
Model based on coefficients from B applied to stimulation data. 'data' = mean of release traces for both animals (n = 48) after brief displacement, as plotted in Fig 2C. After the second saccade, the command returns slowly to zero, to offset the 'creep' of the long TC elements. The command is shown in units of 'static degrees', which measure the eye position generated by a given command when the eye has stopped moving. (Fig 1) with TCs of 0.01, 0.1, 1 and 10 s and compliances estimated from the present data (Fig 3) . Long TC elements refers to those with TCs of 1 and 10 s.
B:
Eye-position sensitivity of model as a function of frequency, compared with data from Fuchs, Scudder and Kaneko (1988) . The y-axis gives 1/model gain, which has been adjusted to give the observed value of 5.3 at very low frequencies. The thick line illustrates model characteristics for muscle stiffness = 60% of orbital tissue stiffness: the two thin lines correspond to muscle stiffness = 30% (upper line) or 90% (lower line) orbital tissue stiffness. Each muscle is represented as a first order element, in parallel with orbital tissue (Sklavos et al. 2005) .
